An inorganic-organic silica material (SBA-15-1), prepared by immobilization of the naphthalimide derivative within the channels of the mesoporous silica material SBA-15, is characterized by several spectroscopic methods. SBA-15-1 can be used as a chemical sensor for detecting and removing Hg 2+ in a heterogeneous system. The fluorescence enhancement of SBA-15-1 was attributed to the formation of a complex between SBA-15-1 and Hg 2+ by a 1:1 complex ratio with the photo-induced electron transfer (PET) being forbidden. The sensor can be applied to the quantification of Hg 2+ with a linear range covering from 1.0 × 10 -7 to 1.0 × 10 -5 M under the neutral condition. Most importantly, the fluorescence changes of the sensor are remarkably specific for Hg 2+ in the presence of other metal ions. Moreover, the response of the sensor toward Hg 2+ is fast and chemically reversible. In addition, the sensor has been used for the determination of Hg 2+ in environmental samples with satisfactory results.
Introduction
Mercury is a major environmental pollutant and it was estimated by the United Nations Environment Programme (UNEP) that about 7500 tons of mercury are released into the environment annually. 1 The mercury ion shows high cellular toxicity due to its strongly biological membrane permeability, and a very small amount of mercury ion can cause serious damage to the central nervous and the endocrine systems. [2] [3] [4] Accordingly, the development of methods to detect and remove Hg 2+ in environmental samples is of considerable significance, and has become an important subject of current chemical research.
Fluorescent chemosensors for the sensing and reporting of chemical species are currently of significant importance for chemistry, biology, and environmental science. [5] [6] [7] [8] So far, there have been some successful achievements in the development of fluorescent chemosensors for detecting Hg 2+ . [9] [10] [11] [12] [13] [14] However, these chemosensors were used in the homogeneous phase, which is not suitable for the separation, removal and enrichment of target species, or in rapid screening applications. [15] [16] [17] [18] Mesoporous SBA-15 silica is an ideal inorganic scaffold for building organic-inorganic hybrid materials with considerable potential for many applications, such as catalysis [19] [20] [21] [22] and drug delivery. 23, 24 SBA-15 materials, themselves, are nonfluorescent, but they possess a high surface area with abundant hydroxyl groups on the pore walls, which can act as binding sites for the covalent grafting of fluorophores (organic compounds) on the silicon wall. Thus, the mesoporous silica materials are particularly suitable supports for constructing heterogeneous chemical sensors. The heterogeneous sensors not only can detect toxic metal ions, but can also remove them. Recently, there are a lot of heterogeneous sensors based on organicinorganic hybrid materials that have been used for toxic metal ions, such as Hg 2+ , [25] [26] [27] [28] [29] [30] Cu 2+ , 31, 32 and Fe
3+
. 33 Because of the paramagnetic nature of metal ions, most of these sensors are undergoing a fluorescence quenching mechanism. [29] [30] [31] [32] [33] The construction of chemical sensors with fluorescence enhancement in a heterogeneous system is urgently needed.
In the present work, a naphthalimide derivative (compound 1) was synthesized and immobilized on the inner surface of mesoporous silica (SBA-15), which is used as a heterogeneous chemical sensor. The SBA-15-1 based sensor shows high sensitivity and selectivity for Hg 2+ with fluorescence enhancement under a neutral condition. We then applied the senor to detect Hg 2+ in environmental samples such as river and pond water with satisfactory results.
Experimental

Reagents and chemicals
Twice-distilled water was used throughout all experiments. 4-Bromo-1,8-naphthalic anhydride, (3-aminopropyl) triethoxysilane (APTES), piperazine and 2-(chloromethyl) pyridine were purchased from Sigma-Aldrich. SBA-15 (with a surface area of ~830 m 2 /g and pore sizes of ~6 nm) was purchased as commercial products from the Laboratory of Advanced Materials, Fudan University (Shanghai, China). All other chemicals were of analytical reagent grade, purchased from Shanghai Chemical Reagent Corp. (Shanghai, China), and used without further purification. Thin-layer chromatography (TLC) was carried out using silica gel 60 F254, and column chromatography was conducted over silica gel (200 -300 mesh), both of which were obtained from the Qingdao Ocean Chemicals (Qingdao, China).
Syntheses
A synthetic scheme for SBA-15-1 from commercially available compounds is shown in Fig. 1 . Synthesis of compound 2. Piperazine (1.04 g, 12.0 mmol) was dissolved in methylglycol (50 mL), and 4-bromo-1,8-naphthalic anhydride (2.76 g, 10.0 mmol) was added. The reaction mixture was stirred and refluxed for 4 h under a nitrogen atmosphere. After the solvent was evaporated under reduced pressure, the crude product was purified by silica gel column chromatography using CH2Cl2/EtOH (10:1, v/v) as an eluent to afford a yellow solid: yield, 2.14 g (76%). 
Apparatus
UV-vis diffuse reflectance spectra were taken on a Shimadzu UV-2401PC spectrophotometer using BaSO4 as a reference. A Perkin Elmer Spectrum One instrument was used for measuring the FT-IR spectra. KBr crystals were used as the matrix for sample preparation. Fluorescence measurements were carried out on a Perkin Elmer LS 55 fluorescence spectrometer with an excitation slit set at 5.0 nm and emission at 5.0 nm. The pH measurements were carried out on a Mettler-Toledo Delta 320 pH meter.
1 H NMR and 13 C NMR spectra were recorded on a Bruker Avance II 400 spectrometer operating at 400 and 100 MHz (TMS as internal standard), respectively. MS spectrometry was obtained on a Bruker Autoflex MALDI-TOF MS spectrometer. Elemental analysis was carried out on Perkin-Elmer 2400 elemental analyzer. Data processing was performed on a Pentium IV computer with SigmaPlot software. . Fluorescence measurements were carried out at the maximum excitation wavelength of 410 nm and the maximum emission wavelength of 525 nm. Before each measurement, the solutions were allowed to stand for a few minutes to allow complete formation of a metal-ligand complex.
Procedure
Results and Discussion
Synthesis and characterization of SBA-15-1
The synthetic routes for the fluorescent sensor SBA-15-1 are depicted in Fig. 1 . The functionalized silica nanomaterial (SBA-15-1) was well characterized by several spectroscopic methods. Figure 2 depicts the corresponding UV-vis diffuse reflectance spectra of SBA-15 and SBA-15-1. As can be seen, there is no obvious absorption band for SBA-15. In contrast, a broad absorption band centered at about 395 nm (the typical absorption band of naphthalimide) emerged for SBA-15-1, implying the successful incorporation of compound 1 onto SBA-15. For further structural proof of SBA-15-1, we carried out FT-IR spectroscopy of both SBA-15 and SBA-15-1. Figure 3 shows the FT-IR spectra of SBA-15 and SBA-15-1, respectively. FT-IR spectra of SBA-15-1 exhibited several new bands at about 2926 and 1368 cm -1 , assignable to aliphatic C-H stretching vibrations attributed to pendant and C=C stretching vibrations of 1,8-naphthalimide attached SBA-15, respectively. These results also support the presence of the fluorescent naphthalimide in the hybrid material SBA-15-1. Furthermore, from the result of elemental analysis (EA), we noted that the SBA-15-1 consisted of only about 5 wt% of 1. That is to say, the 0.1 mg mL -1 1-modified silica material used in our experiments corresponded to about 10 μM of 1. Figure 4 shows the fluorescence spectra of SBA-15-1 exposed to solutions containing different concentrations of Hg 2+ recorded at an excitation wavelength of 410 nm and an emission wavelength of 450 -660 nm. The spectrum of SBA-15-1 without Hg 2+ exhibits one fluorescence emission peak at 525 nm, which is a typical fluorescence emission peak of naphthalimide. As can be seen from Table 1 . The data in the table show that the sensor based on SBA-15-1 has good sensitivity.
Fluorescence response
A Job plot was used to determine the stoichiometry of a binding event. In this method, the total molar concentration of metal ion (Hg 2+ ) and ligand (1) are held constant (10 μM), but their mole fractions are varied. A measurable parameter that is proportional to complex formation (such as fluorescence signal) is plotted against the mole fractions of these two components. The maximum on the plot corresponds to the stoichiometry of the two species. Figure 5 shows the resulting Job plot. In Fig. 5 , the concentration of the SBA-15-1 solution is 0.1 mg mL -1 . The maximum emission intensity was reached at a molar fraction of 0.5. This indicates a 1:1 ratio for the SBA-15-1-Hg 2+ complex. That is to say, one Hg 2+ ion binds to one molecule of SBA-15-1.
The proposed fluorescence enhancement mechanism is shown in Fig. 6 .
When a fluorescence group links with an electrondonating group (it generally includes one or more amido nitrogen atoms), photo-induced electron transfer (PET) will occur between the fluorescence group and the electron-donation group. [34] [35] [36] In SBA-15-1, aliphatic amine is a electron donor and naphthalimide fluorophore is an electron acceptor. The ΔGet . It is gratifying to note that all of the selected anions have no interference.
Selectivity and adsorption ability
The adsorption ability of SBA-15-1 for the Hg 2+ and Cu 2+ ions were also estimated. A 1-mg portion of SBA-15-1 was equilibrated with a 1-mL aqueous solution containing 1 mM Hg 2+ or 1 mM Cu 2+ , respectively. The mixtures were mechanically shaken for 30 min at room temperature, and then centrifugally separated. The supernatant was measured for unextracted Hg or Cu 2+ by an atomic absorption spectrophotometer. The results showed that SBA-15-1 adsorbs about 85% of the Hg 2+ and 8% of the Cu 2+ , indicating that the SBA-15-1 is suitable for removing Hg 2+ in addition to the function of detection of the mercury ion.
Effect of pH
The pH value of the environment around the fluorescent chemosensor usually shows somewhat of an effect on its performance toward the target metal ion due to the protonation or deprotonation reaction for the fluorophore and the hydrolysis reaction for the metal ions in the basic condition. The effects of the pH on the fluorescence response of SBA-15-1 to Hg 2+ were therefore investigated. A solution of a high concentration of Hg 2+ might cause the precipitation of HgO under the alkaline condition, so these experiments were carried out at a pH ranging from 2.0 to 8.0, with the concentration of SBA-15-1 being fixed at 0.1 mg mL -1 and of Hg 2+ at 10 μM, respectively (Fig. 8) . It can be seen that the fluorescence intensity of the chemosensor increases with decreasing pH value in the section of the lower pH value, which might be caused by the protonation of SBA-15-1 without binding with the metal ion. In a wide range of pH from 5.0 to 8.0, the acidity does not affect the determination of Hg 2+ with SBA-15-1. In other words, the response behavior of SBA-15-1 is pH independent in the medium condition, which is convenient for practical applications of the proposed sensor in the determination of Hg 2+ in actual samples.
Response time and reversibility
Besides high sensitivity and selectivity, a short response time and reversible response are two other necessities for a fluorescent chemosensor to dynamically monitor Hg 2+ in environmental samples in real time. To study the response time of the chemosensor based on SBA-15-1 to Hg 2+ , the kinetics of fluorescence enhancement at 525 nm upon analyzing different concentrations of Hg 2+ by the new developed chemosensor was recorded, and results are shown in Fig. 9 . The response time of the chemosensor to Hg 2+ is concentration-dependent. The time required to reach equilibrium increases with an increase of the Hg 2+ concentrations. However, in all cases, a stable reading could be obtained in less than 1 min.
Therefore, this chemosensor could be used for real-time tracking the pH. From Fig. 9 one can also discover that once a plateau is reached, the fluorescence intensity at 525 nm stays almost unchanged for the rest of the time, indicating that the chemosensor is photostable under irradiation with visible light.
The chemical reversibility behavior of the binding of SBA-15-1 with Hg 2+ was then studied (Fig. 10) 
Preliminary analytical application
The practical application of the designed chemosensor was first evaluated by determinating the recovery of spiked Hg 2+ in environmental samples, such as river and pond water samples. The river water samples were obtained from the Xiang River (Xiangtan, China), and the pond water samples came from the Pond of Huamei at Xiangtan University (Xiangtan, China). All of samples collected were simply filtered, and showed that no Hg 2+ was present. The analytical results are given in Table 1 . All of the measurements were performed three times. One observed that the results obtained in real water samples showed good recovery values, which confirmed that the proposed chemosensor was applicable for practical Hg 2+ detection in real samples with other potentially competing species coexisting.
Conclusions
We have developed a fluorescent chemical sensor based on SBA-15-1 for Hg 2+ in heterogeneous systems by using immobilization of the naphthalimide derivative within the channels of the mesoporous silica material. The hybrid material SBA-15-1 shows fluorescence enhancement for Hg 2+ with a highly selective and sensitive response over a wide range of pH. In addition, the sensor has been used for the determination of Hg 2+ in environmental samples such as river and pond water with satisfactory results. The combination of well-defined inorganic materials and organic compounds will play a pivotal role in the development of a new generation of toxic metal ions absorbent and toxicide.
